X-ray microscopy is powerful in that it can probe large volumes of material at high spatial resolution with exquisite chemical, electronic and bond orientation contrast [1] [2] [3] [4] [5] . The development of diffraction-based methods such as ptychography has, in principle, removed the resolution limit imposed by the characteristics of the X-ray optics [6] [7] [8] [9] [10] . Here, using soft X-ray ptychography, we demonstrate the highest-resolution X-ray microscopy ever achieved by imaging 5 nm structures. We quantify the performance of our microscope and apply the method to the study of delithiation in a nanoplate of LiFePO 4 , a material of broad interest in electrochemical energy storage 11, 12 . We calculate chemical component distributions using the full complex refractive index and demonstrate enhanced contrast, which elucidates a strong correlation between structural defects and chemical phase propagation. The ability to visualize the coupling of the kinetics of a phase transformation with the mechanical consequences is critical to designing materials with ultimate durability.
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Ptychography uses coherent diffraction patterns recorded from fields of illumination that are physically overlapped on an extended sample, with known separation. This information is used in the iterative reconstruction of phase, and results in a robust and unique solution that gives the local complex refractive index of the object and the complex illumination function 13 . Through phase retrieval from diffraction data, ptychography can in principle overcome the limitations of X-ray optics, namely limited efficiency and numerical aperture. Ptychographic imaging at high spatial resolution requires the data redundancy provided by overlapping X-ray probe positions, a good signal-to-noise ratio in the diffraction data, a high-performance scanning system, illumination with stability commensurate with the desired spatial resolution, and algorithms for fast and precise reconstruction of the data. However, the spatial resolution of ptychographic microscopes has, until this work, not surpassed that of the best conventional systems. The method has been largely developed on hard X-ray sources and using simple pinhole optics for illumination, resulting in a low scattering cross-section or low coherent intensity at the sample; accordingly, exposure times have been long and the needs for high mechanical and illumination stability exacerbated. As coherent power scales as λ 2 and the scattering cross-section also scales by approximately the same factor, the use of soft X-rays with wavelengths of ∼1-10 nm is a key enabling aspect for high-resolution microscopy 14 . In a standard scanning transmission X-ray microscope (STXM) [15] [16] [17] , the sample is raster-scanned through the X-ray beam (under interferometric feedback control), while the total transmitted intensity is measured at each position, thus yielding a map of the material optical density at the resolution of the X-ray focus size. In a soft X-ray STXM, imaging with a 25 nm focusing optic can proceed with exposure times of <1 ms. In the case of ptychographic imaging, the large dynamic range needed for high-resolution diffraction measurements (which scales as the focus size divided by the resolution element to the fourth power) is achieved by a dual exposure mode that merges long and short exposure diffraction measurements at each probe position (see Supplementary Information, page 2). Throughout the ptychography scan, we maintain the sample and focusing optic in relative alignment using an interferometric feedback system with a precision comparable to the wavelength of the X-ray illumination (Fig. 1) . Scattering from the interferometer laser optics and other X-ray sources can lead to Figure 1 | Layout of the soft X-ray ptychographic microscope. A 60 nm outer-zone-width zone plate focuses a coherent soft X-ray beam onto the sample, which is scanned in 40 nm increments to ensure overlap of the probed areas. An order-sorting aperture blocks all but the first-order focus from the zone plate optic. Diffraction data are recorded on an X-ray CCD located 80 mm downstream of the sample, while the sample position is stabilized with respect to the zone plate by an interferometer (red arrows) that measures relative displacements in the scanning directions with 1.5 nm resolution. The central annulus in the diffraction pattern is the band-limited diffraction pattern of the X-ray probe, and all photons scattered outside this annulus contribute to the increased spatial resolution of the imaging system. Figs 1 and 2 ). The MTF shows 25% modulation transfer at 5 nm half-period (red arrow) and reaches the Rayleigh resolution, or 11% contrast, at 3 nm half-period.
an incoherent background signal, which cannot be measured readily. We eliminate the effect of all incoherent background signals through the implementation of a background retrieval algorithm, which iteratively determines a constant offset to the diffraction data (constant across frames but varying from pixel to pixel) by solving an offset minimization problem 18 ( Supplementary Fig. 1 ). To demonstrate the technique and quantify the spatial resolution of the system, we have imaged a pseudo random binary test pattern 19 . The structure is designed to have a flat power spectrum out to the minimum half-period line width of 5 nm. A ptychographic phase contrast image of the test structure is presented in Fig. 2 , which shows that the 5 nm lines are clearly resolved. A modulation transfer function (MTF) of the system can be defined as the ratio of the square root of the power spectral density (PSD) ( Supplementary Figs 1 and 2 ) of the microscope image to that of the actual sequence 20 , determined by high-resolution scanning electron microscopy (SEM). This function is plotted for several cases in Fig. 2b . The optimal case shows a modulation of 25% at 5 nm halfperiod and a Rayleigh resolution given by 11% modulation at 3 nm. This can be compared to the resolution defined by the wavelength and the numerical aperture limit of the detector of 2.7 nm. The MTF clearly shows the improved resolution that comes with additional X-ray exposure, a characteristic unique to diffractionbased imaging schemes. Furthermore, we find enhanced contrast across the full spectrum with the application of the background refinement algorithm.
As a demonstration of the dramatic improvement in resolution and chemical speciation that can be provided over standard STXM by a ptychographic microscope, we have studied the mechanism of delithiation in a single nanoplate of LiFePO 4 , a compound that has become a canonical electrode material in the study of electrochemical energy storage 21 . It is now established that particle dimensions well below 1 µm are required for LiFePO 4 electrodes to function. However, extensive efforts are still directed towards relating its macroscopic properties, especially its extremely fast kinetics at such small sizes 11 , with the (de)lithiation reaction mechanism 22 . A significant barrier to effectively studying this mechanism at the single-crystal level is the limited number of tools available that offer sufficient chemical and spatial resolution for the visualization of compound distribution in sub-micrometre particles 23, 24 . Figure 3 presents a comparison of images obtained in both normal STXM mode (Fig. 3a) , using a 25 nm optic, and in ptychographic mode (Fig. 3b) builds up with X-ray exposure. Chemical distributions can be calculated from a sequence of images recorded at different incident X-ray energies spanning an atomic resonance, which provides a spectrum at each point in the sample. Such distributions typically proceed from absorption spectra 25 ; however, ptychography provides the full complex refractive index. We record images across the Fe L-edge and use these as input to principal component analysis, followed by k-means clustering and finally singular value decomposition providing the complex-valued spectra (Fig. 4a) . The resulting composition map shows clear definition of the two chemical species without carbon contamination (Fig. 3d ) and higher chemical specificity than maps calculated from the absorption alone (Fig. 4b) . Furthermore, the spatial resolution of the chemical distribution maps (Fig. 4c) , at 18 nm, is nearly an order of magnitude better than the probe full-width at half-maximum (FWHM) of 150 nm and more than three times better than state-of-the-art STXM (Fig. 4d, Supplementary Figs 1-3) . The absorption spectra obtained from these images agree with standards for pure LiFePO 4 and FePO 4 ( Supplementary Fig. 2 ), confirming that (1) the reaction is probably two-phase and (2) both phases can coexist, even in these small plates. The cluster analysis was carried out assuming the presence of only two phases; however, the presence of a third phase at low concentration cannot be excluded.
Our enhanced spatial resolution and chemical specificity provide critical new insights. There is an identifiable correspondence between the formation of two cracks along the c-direction, on opposite sides of the crystal (Fig. 3b,c) , and the phase transformation. Surface cracking is apparent in SEM images collected for other crystals in the same sample (Supplementary Figs 1-4) and is expected because of lattice shrinkage along the a-axis during the LiFePO 4 -FePO 4 transition 23, 26 . Significant delithiation is found to occur on both sides of each crack (marked by arrows in Fig. 3b ), but little reaction is observed within them as the LiFePO 4 content is greater than 90% (Fig. 4b) . This indicates that the crack formation exposes fresh unreacted domains under the surface and therefore that delithiation is more rapid along the a-c plane than in the b-direction, meaning that the reaction is solid-state-limited. It follows that the complexity of the distribution of phases is probably the result of the reaction proceeding under the kinetic control imposed by microstructural defects, which are present in the pristine crystals (see small pits and grooves in Supplementary Fig. 2 ) and develop as a result of stress during the reaction.
It should be noted that the X-ray source used for the chemical mapping was a bending magnet and will be superseded by a new optimized undulator source that will be a factor of 10 3 -10 4 times brighter. When coupled to new high-frame-rate charge-coupled device (CCD) sensors 27 , this will enable exposure times of a few milliseconds and a spatial resolution at the wavelength of the radiation. Beyond this, a new generation of diffraction-limited storage rings will increase the coherent power by a further factor of 100-1,000, opening up the possibility of wavelength-limitedresolution tomography. The ability to record chemically sensitive maps with few-nanometre spatial resolution is already a revolutionary step forward. The added phase information that the method provides will enable the high-resolution study of systems where the absorption contrast is low or where radiation damage is a concern, such as with polymers and metal-organic frameworks. Finally, wavelength-limited spatial resolution will enable the study of chemical phases and transport at the scale of single nanocrystals and nanopores in hierarchical and porous materials. These capabilities are set to revolutionize the study of chemical phases at the mesoscale.
Methods
The ptychographic measurements utilized an optic with 60 nm outer zone width and proceeded in focus with a square scan grid of 40 nm steps. The resolution test sample was a multilayered structure composed of alternating layers of Si and Mo thinned to 200 nm thickness using focused ion beam milling. Diffraction data were recorded on a Princeton Instruments MTE-1300B in-vacuum CCD camera in a double exposure mode without the use of a beamstop (see Supplementary  Information, 12 Gy for the multilayer sample and 7 × 10 10 Gy for the LiFePO 4 particle. This compares well to the doses required for imaging at our measured resolutions, 4 × 10 12 Gy and 16 × 10 10 Gy, respectively 17 . The data were reconstructed using 200 iterations of an implementation of the RAAR 28 algorithm using an illumination refinement and a background refinement during each iteration, beginning after the tenth iteration 18 . The ptychography algorithms were implemented in CUDA and took ∼0.05 s per iteration (0.2 µs per image pixel per iteration) on a 16 GPU (nVidia GTX Titan) cluster for data sets that comprise ∼1,000 diffraction patterns of 128 × 128 pixels. The reconstructed images were 600 × 500 pixels. LiFePO 4 nanoplates of known crystallographic orientation were synthesized in hydrothermal conditions and delithiated to a nominal batch composition of Li 0.55 FePO 4 using dilute Br 2 solutions in acetonitrile, following standard procedures 23, 29 . Complete ptychography scans were recorded at fixed energies in 1 eV intervals around the Fe L-edge, spanning from 700 eV to 716 eV, and 0.4 eV intervals near the absorption resonance from 706 eV to 712 eV. Chemical maps were generated using an automated procedure of complex-valued principal component analysis followed by expectation-maximization clustering (k-means algorithm), and finally singular value decomposition (see Supplementary Information, page 2) .
